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® Clock recovery circuit. 



@ In a clock recovery circuit, an asynchronous oscillator generates a first clock pulse at a frequency n times 
the frequency of a baseband signal. A sampler samples the baseband signal in response to the first clock 
pulses. A flip-flop holds and delivers the sampled signal in response to a second clock pulse supplied from a 
voltage-controlled oscillator. The time difference between the first clock pulse and the second clock pulse is 
detected and a set of tap-gain values is selected according to the time difference. The sample delivered from 
the flip-flop is successively delayed by a tapped delay line to produce tap signals which are respectively 
weighted with the selected tap-gain values. The weighted samples are summed to estimate an intermediate 
sample. A clock phase error of the estimated sample with respect to the clock timing of the transmitted signal is 
determined for controlling the VCO. 
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The present invention relates to a clock recovery circuit for extracting clock infornnation from a received 
baseband signal. 

In a known clock recovery circuit, a received baseband signal is sampled by an analog-to-digital 
converter. A clock phase error of the sampled signal with respect to the clock timing of the transmitted 

5 signal is estimated and filtered to remove the high frequency components contained in the phase error for 
controlling the voltage-controlled oscillator that generates the sampling clock so that the phase error is 
reduced to zero. Since the usual practice is to use a low-cost, high resolution A/D converter, the sampling 
clock frequency must be several hundreds times the frequency of the received signal. However, controlling 
the VCO at such a high sampling frequency cannot simply be achieved as in the case of low sampling 

10 frequency in which high frequency sampling pulses from a separate clock source are adaptively divided by 
the use of a variable frequency divider. Therefore, a price limitation is placed on the known clock recovery 
circuit. According to another known technique, an asynchronous oscillator is used to sample the baseband 
signal. The sampled baseband signal is applied to an interpolation filter for estimating optimum sample 
value from which clock timing is extracted. Optimum clock timing is said to be detected when the phase 

75 difference between the input of the filter and the estimated sample is reduced to zero. However, it is difficult 
to precisely match the estimated timing with the clock timing of the transmitted signal. 

It is therefore an object of the present invention to provide a low-cost . clock recovery circuit with 
simplified digital circuitry. 

The clock recovery circuit of the present invention comprises an asynchronous oscillator for generating 
20 first clock pulses at a frequency n times the frequency of a baseband signal, where n is an integer greater 
than unity. A sampler is provided for sampling the baseband signal in response to the first clock pulse to 
produce a first sample. The first sample is held and delivered as a second sample in response to a second 
clock pulse supplied from a voltage-controlled oscillator. The time difference between the first and second 
clock pulses is detected and a set of tap-gain values is selected according to the time difference. To 
25 estimate an optimum intermediate sample, a transversal filter is provided for successively delaying the 
second samples, respectively weighting the successively delayed samples with the tap-gain values, and 
producing an output signal representative of a sum of the weighted samples as representative of the 
estimate of the intermediate sample. A clock phase error of the intermediate sample with respect to the 
clock timing of the transmitted signal is detected and the voltage-controlled oscillator is controlled in 
30 accordance with the detected clock phase error. When the clock phase error is reduced to zero, an 
optimum intermediate sample value is obtained and the output of the voltage-controlled oscillator is 
controlled to the clock timing of the transmitted signal. 

The present invention will be described in further detail with reference to the accompanying drawings, 
in which: 

35 Fig. 1 is a block diagram of a clock recovery circuit according to the present invention; and 
Fig 2 is a circuit diagram of a tapped delay line of the transversal filter used in Fig. 1. 
Referring now to Fig. 1 , there is shown a clock recovery circuit for a digital radio receiver according to 
the present invention. An original baseband signal at frequency f, is modulated on a carrier and sent from a 
transmit site. At the receive site, the modulated carrier is demodulated to recover the original baseband 

40 signal R(t). The baseband signal R(t) Is applied to a sampler 1 where it is sampled in response to the output 
of an asynchronous, or self-running oscillator 9 at frequency fs (which is equal to nof,. where n = 4) to 
produce a sampled baseband signal Rs(t). In a preferred embodiment, the sampler 1 is implemented by an 
analog-to-digita! converter. Since the oscillator 9 Is not synchronized with the clock (symbol) timing of the 
transmitted baseband signal, the sampling frequency f^ is equal to n - f t + Afs. where Afs is the frequency 

45 error. The sampled baseband signal Rs(t) is a discrete signal that contains aliasing components at 
frequencies f^. 2fs and 3fs. The signal Rs(t) Is represented as follows: 

Rs(t) = R(t) 5(t - k/fs) = Rk 6(t - k/fs) (1) 

50 where 5(t) is the delta function which is 1 for t = 0 and 0 at other times, k is an arbitrary^ integer, and k/fg 
represents the instant "t" at which the signal R(t) is sampled by sampler 1, and R^ = R(t) = R(k/fs). 

The sampled signal Rs(t) is applied to a flip-flop 2 where each of the samples Rs(t) is held and delivered 
from the flip-flop when the latter Is supplied with a clock pulse from a voltage-controlled oscillator 7. The 
VCO 7 is precisely controlled at frequency nof, through a closed loop operation to be described. The output 
55 of the flip-flop 2 Is applied to a transversal filter 3 for estimating an optimum sample which is located 
between the successive samples Initially produced by the sampler 1. 

Transversal filter 3 comprises a tapped delay line 30. a plurality of tap-gain multipliers 31 connected to 
the successive taps of the delay line 30. and an adder 32. Tapped-delay line 30 includes a series of delay 
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elements D (see Rg. 2) which are driven at frequency 1 /n*f, by clock pulses supplied from the VCO 7 and 
receive samples from flip-flop 2 to produce tap signals at successive taps of the delay line, each tap signal 
being delayed a unit delay time 1/n«ft. The tap-gain multipliers 31 operate on the respective tap signals by 

using tap-gain (or tap-weight) values h|j (where i = 1,2 I. j = 1,2 m) stored in a read-only 

5 memory 4. These tap-gain values represent the impulse response of the transversal filter 3. In response to 

an input signal supplied from a counter 8, tap-gain values hij, h2|, hij are read out of the memory 4 and 

applied to the tap-gain multipliers 31. respectively, where they are weighted with the respective tap-gain 
values. The outputs of the tap-gain multipliers 31 are summed by adder 32 to produce an output signal Rr 
(t) of the transversal filter 3. 

10 A clock phase error detector 5 is connected to the output of transversal filter 3 for estimating a phase 
error of the clock timing of signal Rf(t) with respect to the clock timing of the transmitted signal in a manner 
as described in a paper "Development of Variable-Rate Digital Modem for Digital Satellite Communication 
Systems". Susumu Otani et al, (CH2535-3/88/0000-0148. 1988. IEEE). A loop filter 6 removes the high 
frequency components of the phase difference signal and supplies a frequency control voltage to the VCO 

75 7. 

The counter 8 is supplied with a high-speed clock pulse at frequency m*fs from a clock source 10. The 
counter 8 is enabled in response to a clock pulse from asynchronous oscillator 9 to initiate counting the 
high-speed clock pulse and terminates the count operation in response to a clock pulse from the VCO 7 to 
produce a count value "c". The count value "c" is equal to m»fs At, where At is the time difference 

20 between the time k/f^ at which the baseband signal R(t) is sampled by sampler 1 and the clock timing of the 
VCO 7, which will be eventually made to coincide with the clock timing of the transmitted signal. In 
response to a count value "c", a set of "t" tap-gain values hg is selected from the stored "m" sets of tap- 
gain values and supplied from the ROM 4 to the tap-gain multipliers 31 of the transversal filter, respectively. 
Since the transversal filter provides convolution integral, the output signal Rf(t) of the transversal filter 3 

25 is represented as: 

Rf(t)= jR5(t-x)h(t)dt 

30 o. 

= jR(t-x)5(t-x-k/t^)h(x)dt 

= X'*kh(t-k/fs) (2) 



55 



where t is the time variable, or excitation time, t is the response time, and h(t) is the impulse response of 
40 the transversal filter 3 (see An Introduction to Analog and Digital Communications, John Wiley & Sons, 
Simon Haykin, pages 84 to 87). Since the convolutional integration is theoretically performed between k = 
-oo and k = », Equation (2) can be written as: 



RKt)=^X'^k'^<'«/^s+^^> (3) 

50 Since the impulse response h(t) decreases as "t" increases, it is sufficient for the transversal filter 3 to 
provide convolutional integration over a range of finite values iko (where a suitable value of ko is 10). and 
Equation (3) becomes: 



ko 

Rf(t)- ]^Rk h|c(At) (4) 
k=-ko 
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where hfc(At) = h(k/fs + At). Since the impulse response of the transversal filter 3 can be made to vary as a 
function of the time difference At. the tap-gain values hk(At) stored in memory 4 are determined so that an 
optimum sample is obtained obtained when the clock phase error detected by phase error detector 5 is 
reduced to zero. For example, if a time difference Ati exists between the sample time k/fg and the clock 
5 timing of VCO 7, the closed loop of the clock recovery circuit hunts for a set of optimal impulse responses 
until the phase error is reduced to zero. When this occurs, a set of tap-gain values hn- hi 2 hu is read 
out of the ROM 4 into the transversal filter 3 and an appropriate intermediate sample value is obtained and 
the output of the VCO 7 is precisely controlled to the clock timing of the transmitted signal and delivered 
from the clock recovery circuit as a clock timing of the receiver. 

10 

Claims 

1. A clock recovery circuit, comprising: 
an asynchronous oscillator (9) for generating first clock pulses at a frequency n times the frequency 

J 5 of a baseband signal, where n is an integer greater than unity; 

sampler means (1) for sampling said baseband signal in response to said first clock pulses and 
producing first samples; 

a voltage-controlled oscillator (7) for producing second clock pulses at a controlled frequency; 
latch means (2) for holding said first samples and delivering the held first samples in response to 
20 said second clock pulses as second samples; 

time difference detector means (10, 8) for detecting a time difference between said first clock 
pulses and said second clock pulses; 

means (4) for producing a set of tap-gain values in response to said time difference; 
a transversal filter (3) for successively delaying said second samples, weighting the successively 
25 delayed second samples with said tap-gain values respectively, and producing an output signal 
representative of a sum of the weighted second samples; and 

clock phase error detector means (5, 6) for detecting a phase error of the output signal of said 
transversal filter with respect to the clock timing of the received baseband signal and controlling said 
voltage-controlled oscillator (7) according to the detected clock phase error. 

30 

2. A clock recovery circuit as claimed in claim 1. wherein said means <4) for producing a set of tap-gain 
values comprises a memory for storing m sets of tap-gain values, and wherein said time difference 
detector means (10, 8) comprises: 

means (10) for generating third clock pulses to increment a count value and responsive to one of 
said second clock pulses for maintaining said count value as representative of said time difference and 
reading one of said m sets of tap-gain values from said memory in response to the maintained count 
value and applying the read set of tap-gain values to said transversal filter (3). 

A method for recovering transmitted clock pulses from a received baseband signal, using an asyn- 
chronous oscillator which produces first clock pulses at a frequency n times the frequency of a 
baseband signal, where n is an integer greater than unity, and a voltage-controlled oscillator which 
produces second clock pulses at a controlled frequency, comprising the steps of: 

a) sampling said baseband signal in response to said first clock pulses and producing first samples; 

b) holding said first samples and delivering the held first samples in response to said second clock 
pulses as second samples; 

c) detecting a time difference between said first clock pulses and said second clock pulses; 

d) generating a set of tap-gain values in response to said time difference; 

e) successively delaying said second samples; 

f) respectively weighting the successively delayed second samples with the tap-gain values gen- 
erated by the step (d); 

g) summing the weighted second samples; and 

h) detecting a clock phase error of the second samples summed by the step (g) with respect to the 
clock timing of the received baseband signal and controlling said voltage-controiled oscillator with 
the detected clock phase error. 

A method as claimed in claim 3, wherein the step (d) comprises: 
d1) storing m sets of tap-gain values into a memory; 

cl2) generating third clock pulses at a frequency m times the frequency of the first clock pulses; and 

4 
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d3) counting said third clock pulses to incrennent a count value in response to each of said first clock 
pulses and maintaining said count value as representative of said time difference in response to one 
of said second clock pulses. 

wherein the step (f) comprises reading one of said m sets of tap-gain values from said memory 
5 in response to the maintained count value to respectively weight the successively delayed second 

samples with the tap-gain values of the read set. 
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@ Clock recovery circuit. 



@ In a clock recovery circuit, an asynchronous 
oscillator generates a first clock pulse at a frequency 
n times the frequency of a baseband signal. A sam- 
pler samples the baseband signal in response to the 
first clock pulses. A fiip-flop holds and delivers the 
sampled signal in response to a second clock pulse 
supplied from a voltage-controlled oscillator. The 
time difference between the first clock pulse and the 
second clock pulse is detected and a set of tap-gain 



values is selected according to the time difference. 
The sample delivered from the flip-flop is succes- 
sively delayed by a tapped delay line to produce tap 
signals which are respectively weighted with the 
selected tap-gain values. The weighted samples are 
summed to estimate an intermediate sample, A 
clock phase error of the estimated sample with re- 
spect to the clock timing of the transmitted signal is 
determined for controlling the VCO. 
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